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1st Editorial Decision 11th Feb 2022

Dear Prof. Meiners,

Thank you for submitting your manuscript to The EMBO Journal. Your study has now been seen by three referees and their
comments are provided below.

As you can see below, the referees appreciate the insights reported but also find that further analysis is needed for
consideration here. As you can see better support for that it is mtDNA that drives the cGAS-response and the contributions of
IFN is needed. Should you be able to address the raised concerns in full, then | would like to invite you to submit a revised
version.

I think it would be helpful to discuss the revisions further and we can do so via video call or email. Whatever works best for you
When preparing your letter of response to the referees' comments, please bear in mind that this will form part of the Review
Process File, and will therefore be available online to the community. For more details on our Transparent Editorial Process,
please visit our website: https://www.embopress.org/page/journal/14602075/authorguide#transparentprocess

| thank you for the opportunity to consider your work for publication. | look forward to discussing your revisions further.

Yours sincerely,

Karin Dumstrei, PhD

Senior Editor

The EMBO Journal

Instructions for preparing your revised manuscript:

| have attached a guide with helpful tips on how to prepare the revised version.

Guide For Authors: https://www.embopress.org/page/journal/14602075/authorguide

We realize that it is difficult to revise to a specific deadline. In the interest of protecting the conceptual advance provided by the
work, we recommend a revision within 3 months (12th May 2022). Please discuss the revision progress ahead of this time with

the editor if you require more time to complete the revisions. Use the link below to submit your revision:

https://emboj.msubmit.net/cgi-bin/main.plex

Referee #1:

This study by Wang and colleagues implicates mtDNA stress in the regulation of adaptive immunity. Specifically, the authors
propose (from an extensive dataset) that cGAS-STING mediated upregulation of immunoproteasome function (by mtDNA)
promotes T-cell activation, and aberrant activation of this process may underlie pathology of idiopathic pulmonary fibrosis. The
research is timely, and well carried out/presented. Overall, the data are largely supportive of the authors' model. Nonetheless, |
have some concerns that should be addressed below.

- The authors show in various expts. that mtDNA is sufficient to trigger the effects they see (e.g. upregulation of
immunoproteasome activity, CD8 T-cell activation etc). Given that the effects are cGAS-STING dependent, its not surprising that
transfection of mtDNA has these effects (transfection of any DNA source might be expected to be the same - though this control
is not done in these expts.), what is missing is the demonstration that mtDNA is required for the effects the authors observe -
this should be investigated, for instance, does loss of mtDNA in polgAmut/mut cells revert the induction of immunoproteasome
components seen in Fig 1a-c, and prevent constitutive activation of cGAS-STING in these cells ? - generation of mtDNA
deficient (Rho zero) cells is a relatively straight forward approach to investigate this question.

- the demonstration that T-cell stimulatory effects are dependent on immunoproteasome upregulation are reliant upon a single
inhibitor (Figure 5), given the central message of the paper centers on immunoproteasome upregulation being relevant for these
effects, the authors should address this in orthogonal manner (for instance through shRNA suppression of immunoproteasome
sub-units)

- the title suggests a generality of the findings (i.e. mtDNA stress) extending beyond PolgAmut/mut cells, however only one



experiment is done using a different model of mtDNA stress (ND5 patient cells), figure 1 - it would be supportive of a general
relevance of the authors' findings to investigate if these cells also upregulate LMP2/7 in a cGAS-STING, mtDNA dependent
manner.

Referee #2:

In this manuscript, Wang et al. determine the effects of mitochondrial stress on MHC | antigen processing and presentation.
Using primary mouse and human fibroblasts with mutations in their mtDNA, the authors convincingly show that mitochondrial
stress (MtDNA in the cytosol) activates the cGAS/STING pathway, leading to type | interferon production. The type | interferon
IFNbeta in turn induces the formation of immunoproteasomes and the expression of other components of the MHC | antigen
processing pathway, resulting in enhanced MHC | antigen presentation. This is illustrated by the improved T cell-mediated
detection of the H-Y model antigen on primary mouse, male fibroblasts. Similar results are obtained using primary mouse
alveolar type 2 epithelial cells (AT2) and human lung fibroblasts, transfected with mtDNA. The authors then continue to analyze
single cell sequencing data from a public database, and show the specific activation of the type | IFN response in AT2 cells of
patients with idiopathic pulmonary fibrosis (IPF). In addition, analysis of CD8 T cell gene signatures indicates their activation, but
also exhaustion. Staining of lung tissue of IPF patients confirms the formation of immunoproteasomes and infiltration of PD-1+
CD8 T cells in the lungs of IPF patients.

Overall, this is a very nice analysis of the effects of mitochondrial dysfunction on antigen processing and T cell activation. While
the single steps in this process (effects of mt stress and cytosolic mtDNA leakage on cGAS/STING activation and IFNbeta
production, and exposure of cells to interferons on antigen processing) have been described, the linkage of these different steps
and their potential role in lung fibrotic disease is entirely new. All analyses are well-performed, include many different controls
and exploit different primary cells of both mice and humans. This is very convincing.

A few concerns:

1. Although the analysis of IPF patients is an excellent turn, a T cell and autoimmune-driven pathomechanism for IPF seems just
one possibility. Chronic inflammation may also, secondarily, activate CD8 T cell responses.

2. Are observed CD8 T cell responses auto-immune responses? And does mitochondrial stress prime these responses or
aggravate the disease phenotype?

3. The authors refer to a well-established role of mitochondrial dysfuntion and mtDNA stress in IPF patients (p. 14). Are there any
mtDNA mutations associated with IPF? In general or in the analysed cohorts? Is IPF inherited, from mother to child?

4. p. 9 title: This paragraph describes the presentation of a model antigen to reporter T cells, not the activation of autoreactive T
cells.

Minor concern:

Fig 5 ¢ and d are exchanged

Referee #3:

Wang et al. investigate the effects of a defect in the mitochondrial DNA-polymerase gamma and arrive at a model where this
defect, through generating 'mitochondrial stress', causes the cytosolic presence of mtDNA and the stimulation of cGAS with an
associated IFN I-signature. Enhanced expression and function of the immunoproteasome are further found, and enhanced
numbers of CD8 T cells, as well as signs of T cell exhaustion, are described in vivo.

These are interesting results, and the authors present an intriguing model. There are however a number of points that in my view
still require attention:

1. The conclusion that it is mtDNA that drives the cGAS-response and the downstream effects is in my view insufficiently
supported. Despite some issues with data presentation (below) and individual findings, it is convincing that cGAS is activated.
However, the evidence that this is the result of mtDNA-release seems inconclusive. Why mitochondrial stress (whatever that
means: please discuss why the accumulation of mutations causes stress) should cause the release of mtDNA is at least not
obvious. Some increase of cytosolic mtDNA is measured, but it is impossible to tell how much that is because only a relative
measure is given (wt vs. mut cells). It is further easily conceivable that mut-cells have higher levels of apoptosis and
disintegrating mitochondria, and that this is what is measured (in which case the cell would be dead and presumably not
contribute to the response). | appreciate the difficulties in establishing mtDNA-release, but as the data stand this is inconclusive;
transfecting mtDNA does not show that mtDNA is responsible. How would the release work? Do mitochondria disintegrate?
Release of mtDNA has only been convincingly shown for late stage apoptosis. If changes to mitochondrial integrity are
suggested to be the connection between the mutation and the release of mtDNA, this has to be tested by high-resolution



microscopy (it can also be attempted to get rid of mtDNA). Cytosolic mtDNA has to be quantified in absolute terms (copy
numbers detectable per cell). At the same time, the authors do not look past mtDNA. There is substantial evidence that
cGAS/STING can be activated by micronuclei or perhaps chromosomal misalignments/chromatin bridges. It has to be tested
whether such potential ligands (which do exist in non-malignant cells) are different between the cell lines. To my mind, this is a
critical point that requires more work.

2. Although there is clear evidence of cGAS-activation and a role of this pathway, the evidence for a contribution of IFN is not
strong. Core components like pIRF3 are in fact down-regulated (Fig. S1), the relative phosphorylation of STAT1 is probably less
(Fig. 2), and the secretion of IFN- is minute (from 1 to under 2.5 pg/ml). Again, the finding that mtDNA and IFN upregulate the
immunoproteasome (the phenotype of the mut-cells) is not unequivocal evidence that the mutation upregulates the
immunoproteasome through mtDNA and IFN. The concentrations of IFN used in these experiments are also presumably much
higher than what is secreted (the authors give only IU for the stimulation and weight/vol. for the secretion; the 100 IU/ml used is
probably about 5-10,000 fold what the cells secrete (1-2 pg/ml; please convert the IU). The role of IFN could be tested by KD of
the receptor. This is perhaps not necessary here but on the basis of the data presented the interpretation of the role of IFN has
to be toned down.

3. Related to the last point, the presentation of the stimulatory signature as an IFN-signature seems biased. The text says there
is increased phosphorylation of TBK1, and the Western blot in the paper supports this. Quantification of three blots in Fig. S1
however shows substantial variation and basically no difference (apparently up-regulation in only one of three experiments). It is
inappropriate to show one positive experiment in the main figure while moving the two negative experiments without further
mention to the supplement.

4. The text states that LMP7/beta5-activity is found in mutant MEFs but | cannot see this in the data (Fig. 1c). Please clarify.

5. ltis certainly not without interest that IPF-patients have an IFN-signature but this does not seem to show that the mtDNA-
cGAS-pathway operates.

6. | fear technical replicates are not up to the required standard. Fig. S2 and Fig. 4A give results from one experiment, and this is
not enough. At least some critical aspects have to be confirmed in additional experiments.

7. It is unfortunate that the FACS-blots in Fig. 4c and d use such apparently different settings, or experimental conditions. As the
data stand, the effect of cGAS-KD seems rather minor, but this is not really clear because of the different baseline.

Minor:
How stable is the phenotype of the MEFs (Fig. 1)? How old are they/after how many passages were the cells analyzed?

For some reason | have been unable to obtain access to the proteome data set. Please check this. It is not clear from the
wording whether the previously obtained data set (Meul et al.) was used or new data were generated.

The legends of Fig. 5¢c and 5d are swapped.

Fig. 7b: are the results of mMtDNA and mtDNA-DNAse statistically significantly different?



1st Authors' Response to Reviewers 30th Dec 2022

Response to the reviewers on the manuscript EMBO Journal

Referee #1:

This study by Wang and colleagues implicates mtDNA stress in the regulation of adaptive
immunity. Specifically, the authors propose (from an extensive dataset) that cGAS-STING
mediated upregulation of immunoproteasome function (by mtDNA) promotes T-cell
activation, and aberrant activation of this process may underlie pathology of idiopathic
pulmonary fibrosis. The research is timely, and well carried out/presented. Overall, the data
are largely supportive of the authors' model. Nonetheless, | have some concerns that should
be addressed below.

1. The authors show in various expts. that mtDNA is sufficient to trigger the effects they see
(e.g. upregulation of immunoproteasome activity, CD8 T-cell activation etc). Given that the
effects are cGAS-STING dependent, its not surprising that transfection of mtDNA has these
effects (transfection of any DNA source might be expected to be the same - though this
control is not done in these expts.), what is missing is the demonstration that mtDNA is
required for the effects the authors observe - this should be investigated, for instance, does
loss of mtDNA in polgAmut/mut cells revert the induction of immunoproteasome
components seen in Fig 1a-c, and prevent constitutive activation of cGAS-STING in these
cells ? - generation of mtDNA deficient (Rho zero) cells is a relatively straight forward

approach to investigate this question. ( ethidium bromide )

R1: We thank the reviewer for his/her positive evaluation of our manuscript and fully agree
with the critique that our data do not show that mtDNA is required for the induction of the
immunoproteasome. According to the reviewer’s suggestion, we performed mtDNA depletion
experiments to investigate the loss of mtDNA on immunoproteasome induction in
PolgA™ "™t cells. For that we followed a publication by Fernandez-Moreno et al. (Ferndndez-
Moreno et al, 2016), who established a protocol for generating Rho-0 cells using Stavudine
as a safer option than EtBr. Of note, depletion of mtDNA in PoIgAm“t/ ™ mouse embryonic
fibroblasts (MEF) severely reduced growth of the cells over the course of the mtDNA
depletion treatment even at low doses while wildtype cells continued to grow (Figure 1 for
the reviewer). We were thus unable to obtain enough viable mtDNA-depleted PolgA™/™"
cells to test the hypothesis that mtDNA is required for the activation of the
immunoproteasome. Figure 1 for the reviewer provides the cell population doubling times for
PolgA™ ™t and PolgA“"" cells using increasing doses of Stavudine as well as testing for the
potential protective effects of uridine as suggested by Fernandez-Moreno et. al. We have
mentioned our mtDNA depletion experiments in our revised results part and have toned

down our statement on the essential role of mtDNA in immunoproteasome activation.
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Figure 1 for the Reviewer: mtDNA depletion in PolgA™"™" and PolgA*”™ cells. A) mtDNA depletion of
PolgA™"™" cells. PolgA™"™! cells were seeded into 6-well plates at 0.1 million cells/well numbers at day 1 and
then treated with different concentrations of Stavudine (D4T, D1413-50MG, Sigma) for several days. Media was
changed every other day, and cells were harvested and counted every day for 7 days. (B) The effect of uridine
was determined by cotreatment of 0.5 mM D4T with 50 mg/ml uridine (U3003, Sigma). (C) PolgA'”t/ v
similarly treated but counted only for three days due to their continuous proliferation. Population doubling time
was calculated as described in Meul et al (Meul et al, 2020).

cells were

While we cannot prove that mtDNA is required for the induction of the immunoproteasome,
our data clearly show that it is sufficient. We also observed cGAS-dependent induction of the
immunoproteasome subunit LMP2 by siRNA-mediated partial depletion of TFAM, which
causes mtDNA instability, its release into the cytosol, and activation of the cGAS-STING
pathway (Bryant et al, 2022), thereby demonstrating Immunoproteasome activation in a
second model of mitochondrial dysfunction. We have included these new data as Figs. 3D,
EV3D and EV3E in the revised manuscript.

According to the reviewer’s suggestion, we also performed additional experiments and tested
whether double-stranded (ds) DNA activates the immunoproteasome. Indeed, genomic and
plasmid DNA both induce the immunoproteasome in a cGAS- and STING-dependent manner
(see R9 for details and Figure 8 of the revised manuscript).

2. The demonstration that T-cell stimulatory effects are dependent on immunoproteasome
upregulation are reliant upon a single inhibitor (Figure 5), given the central message of the
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paper centers on immunoproteasome upregulation being relevant for these effects, the
authors should address this in orthogonal manner (for instance through shRNA suppression
of immunoproteasome sub-units)

R2: We thank the reviewer for this suggestion and have accordingly performed silencing

mut/mit cells in order to test the effects on CD8' T cell activation. We

experiments in PolgA
were, however, unable to achieve efficient reduction of immunoproteasome levels in
PoIgAm”t/ ™ cells upon silencing with LMP7-specific siRNAs as determined by Western blot
analysis. This is most probably due to the long half-life of the assembled proteasome
complexes which has been estimated between 7 and 12 days (Khan et al, 2001). We thus
chose to use splenocytes isolated from male C57BL/6 LMP7 Knockout (KO) mice and wildtype
controls and transfected them with mtDNA to determine activation of UTY-specific CD8" T
cells. As shown in the revised Figure 5E, wildtype splenocytes responded to mtDNA
transfection with a significant activation of CD8" T cells which was lower in LMP7 KO cells did
not. Upon genomic DNA transfection activation of CD8" T cells was abrogated in LMP7 KO
cells. These data thus confirm the crucial role of the immunoproteasome for CD8" T cell
activation in response to intracellular double-stranded DNA sensing. We included these new
data into the revised manuscript as revised Figure 5E and 8B.

3. The title suggests a generality of the findings (i.e. mtDNA stress) extending beyond
PolgAmut/mut cells, however only one experiment is done using a different model of
mtDNA stress (ND5 patient cells), figure 1 - it would be supportive of a general relevance of
the authors' findings to investigate if these cells also upregulate LMP2/7 in a cGAS-STING,
mtDNA dependent manner.

R3: We fully agree with the reviewer’s comment to confirm the general relevance of our
findings in the human ND5 cells. In accordance with his/her suggestion, we performed new
experiments in these cells and tested the effects of cGAS silencing on immunoproteasome
activation. We noted, however, that the baseline expression of the immunoproteasome in
the newly defrosted ND5 cells were lower at baseline compared to the non-diseased skin
fibroblast control (NDSF). We thus tested several frozen vials and passage numbers of the
ND5 cells but were unable to obtain data consistent with our previous findings. As we were
unable to reproduce our findings on immunoproteasome upregulation in ND5 cells compared
to healthy donors and cannot rule out that the previously observed induction of the
immunoproteasome in these cells was related to some unknown cell culture conditions, we
would like to omit these data from our revised manuscript.

To confirm our findings in a different model of mtDNA stress, we partially depleted TFAM in
wildtype and cGAS KO embryonic fibroblasts and analyzed immunoproteasome induction as
already mentioned in response 1. In accordance with our data from the PolgA™"™! cells, we
observed cGAS-dependent induction of the immunoproteasome subunits LMP2 and LMP7 in
wildtype and cGAS KO cells. SiRNA-mediated depletion of TFAM is well known to induce
mtDNA instability, its release into the cytosol, and activation of the cGAS-STING pathway



(Bryant et al, 2022). We have included these new data as Figs. 3D, EV3D and EV3E into the
revised manuscript.

Moreover, to prove a general relevance of our findings we tested whether induction of the
immunoproteasome is restricted to mtDNA by transfecting dsDNA, such as herring testes or
plasmid DNA, into mouse embryonic fibroblasts. We also analyzed the effects of mtDNA and
dsDNA transfection in human skin fibroblasts and compared immunoproteasome activation
in neonatal controls with primary cells from a newborn patient with a homozygous STAT1
loss-of-function (LOF) mutation and the heterozygous adult fibroblasts of their
parents(revised Figs. 61, EV5E and 8C). Together with additional experiments using LMP7,
CcGAS and STING KO mouse cells, our experiments confirm that the immunoproteasome is
activated by dsDNA in a cGAS/STING/STAT1/immunoproteasome-dependent manner in both
human and mouse cells. We included these data into the revised manuscript as a new Figure
8. These experiments demonstrate cGAS/STING-mediated immunoproteasome activation as
a general new concept that has not been described before and which has profound
consequences for the activation of adaptive immunity. We have accordingly changed the title
to ,DNA sensing via the cGAS/STING pathway activates the immunoproteasome and
adaptive T-cell immunity”.

Referee #2:

In this manuscript, Wang et al. determine the effects of mitochondrial stress on MHC |
antigen processing and presentation. Using primary mouse and human fibroblasts with
mutations in their mtDNA, the authors convincingly show that mitochondrial stress (mtDNA
in the cytosol) activates the cGAS/STING pathway, leading to type | interferon production.
The type | interferon IFNbeta in turn induces the formation of immunoproteasomes and the
expression of other components of the MHC | antigen processing pathway, resulting in
enhanced MHC | antigen presentation. This is illustrated by the improved T cell-mediated
detection of the H-Y model antigen on primary mouse, male fibroblasts. Similar results are
obtained using primary mouse alveolar type 2 epithelial cells (AT2) and human lung
fibroblasts, transfected with mtDNA. The authors then continue to analyze single cell
sequencing data from a public database, and show the specific activation of the type | IFN
response in AT2 cells of patients with idiopathic pulmonary fibrosis (IPF). In addition, analysis
of CD8 T cell gene signatures indicates their activation, but also exhaustion. Staining of lung
tissue of IPF patients confirms the formation of immunoproteasomes and infiltration of PD-
1+ CD8 T cells in the lungs of IPF patients.

Overall, this is a very nice analysis of the effects of mitochondrial dysfunction on antigen
processing and T cell activation. While the single steps in this process (effects of mt stress
and cytosolic mtDNA leakage on cGAS/STING activation and IFNbeta production, and
exposure of cells to interferons on antigen processing) have been described, the linkage of
these different steps and their potential role in lung fibrotic disease is entirely new. All



analyses are well-performed, include many different controls and exploit different primary
cells of both mice and humans. This is very convincing. A few concerns:

4. Although the analysis of IPF patients is an excellent turn, a T cell and autoimmune-driven
pathomechanism for IPF seems just one possibility. Chronic inflammation may also,
secondarily, activate CD8 T cell responses. Are observed CD8 T cell responses auto-immune
responses? And does mitochondrial stress prime these responses or aggravate the disease
phenotype?

R4: We thank the reviewer for his/her positive evaluation of our manuscript and the excellent
questions, which, however, we can only speculate on. It is indeed well known that a chronic
cytokine milieu facilitates the expansion of CD8" T cells, their contraction as well as memory T
cell formation (Haring et al, 2006). Initial priming, however, always involves T cell receptor
(TCR) activation by MHC class | antigen presentation and co-stimulation. Our data extracted
from the IPF single cell atlas clearly (revised Figure 9B) indicate that the CD8" T cells are
activated, which is supported by the overlapping staining with PD-1, an exhaustion marker
that is only turned on upon T cell activation as also recently demonstrated by Sumida et al.
(Sumida et al, 2022). This thus suggests that the T cells at some point of IPF pathogenesis
were exposed to antigen/TCR interaction (signal 1), co-stimulation (signal 2) and
inflammatory cytokines (signal 3). While we do not know the antigenic specificity of the CD8"
T cells in the IPF tissue, antigen recognition is essential for CD8" T cell activation. Potential
antigenic sources can be viral antigens as observed in chronic infections (McKinney et al,
2015). As IPF is typically not regarded as a disease of chronic infection, CD8" T cell activation
might rather be caused by molecular mimicry. This concept describes the cross-reactivity of
anti-viral cytotoxic CD8" T cells to autoantigens and environmental bacterial antigens
(Oldstone, 1998). The cytotoxic response to these antigens is much weaker compared to the
initial viral antigens but causes a persistent low-level activation of autoreactive CD8" T-cells
(Misko et al, 1999) as for example shown for Psoriasis, type | diabetes and recently for
multiple sclerosis and age-dependent neuronal degeneration (Valdimarsson et al, 2009;
Girdhar et al, 2022; Campisi et al, 2022; Zhou et al, 2022). A chronic inflammatory milieu
such as in IPF lungs will most probably contribute to expansion of reactive T cell clones and
activation of their effector functions. Mitochondrial or genomic DNA stress as well as any
other type of stress in lung cells will further aggravate the proinflammatory milieu upon local
release of type | interferons and stress-related cytokines such as IL-6, TNFa, or IL-1[3 by
stressed cells. Our extracted scRNA seq data clearly indicated elevated levels of type |
interferon signaling in aberrant alveolar epithelial cells of IPF lungs which supports this
notion. To further examine the effector function of the CD8" T cell population present in IPF
tissue, we analyzed the gene expression signature for the different effector subtypes.
Specifically, we looked for the T cell subsets Tcl (CTLs), Tc2, Tc9, Tcl7, Tc22, and
immunosuppressant Tregs in the scRNA seq dataset extracted from the IPF atlas (Figure 2 for



the reviewer). CD8" CD3" T cells were clustered into 7 cell populations. The preliminary
analysis suggests an enrichment for the cytotoxic Tc1 population in IPF lungs.

A
disease
g %
20 el
20 {';'.- 1\%:‘
. ﬁ b S
™ ik i e A
4 & F & ] ; 5 Wk
% -] T | ] 8 E'* &:l!l ? & ot
. S R 3 R
i pﬁ“f whr Ay
L b b oas Ay i
1 » ¥ el
s :,.':E,'--’:?&F:“
W r /
+
" & i
Sn ) o ) - -2 o E)
ESNE_1 ISNE_1
B c
coaslo @@ = - @
coao{@ @ e o & ]
Chokr e s
[ w | FORC
] ' o HLEEI4 - - . o Porcent Expressed
g J e wITA o
| | (8]] . B
3 E | o ® 50
e |  cchs .
: :_'3‘ | ﬁ Average Expression
| wavcrad - ® - o o s ®
F| POCOI{- = = =« . }
B [ | LTA{® = § ~ & [ a
E | 1B « = e =l
TEXZI{ = = & @
- | cxcAad . s
= iG] e s w
) o nmn nrr 10 | THF{= ..
5 Pogiation 0123488

Figure 2 for the reviewer: Dissecting the effector CD8" T cell populations in IPF lungs. (A) t-SNE analysis of single
cells from CD3"CD8’ T cells using the publicly available data set GSE135893. In the left t-SNE map, 7 cell-type
clusters are labeled with different colors, in the right map, the clusters are labeled according to cells derived
from IPF or donor lungs. (B) The bar chart depicts the percentage of cluster populations in IPF and donor lungs.
(C) DotPlot analysis shows the differentiation markers of CD8" T cells in the 7 clusters from the t-SNE analysis.

However, these data should be considered with caution as only very few marker genes were
used to define the different T cell populations. We have thus not included them into our
revised manuscript but extended our discussion on the concept of autoimmune CD8’ T cells in
the pathogenesis of IPF.

5. The authors refer to a well-established role of mitochondrial dysfunction and mtDNA
stress in IPF patients (p. 14). Are there any mtDNA mutations associated with IPF? In general
or in the analysed cohorts? Is IPF inherited, from mother to child?



R5: We thank the reviewer for this important comment. While there is strong evidence for
mitochondrial dysfunction in the pathogenesis of IPF (e.g. summarized in (Bueno et al, 2020),
there is no evidence for lung involvement in primary hereditary mitochondrial DNA-related

mut/mut mice do not develop

diseases (Schon et al, 2012). In accordance, the here used PolgA
any lung dysfunction but die due to premature aging and organ failure (Trifunovic et al,
2004). We would like to emphasize, however, that mtDNA stress is just one of several ways to
induce the adaptive cGAS/STING-mediated type | interferon signaling that we observed here
(see revised discussion). In our revised manuscript, we have extended our initial finding on
mtDNA to genomic DNA demonstrating a general relevance of DNA-induced
immunoproteasome activation. In line with our findings are recent data on silica- and SARS-
CoV2-induced lung damage that reported on the key role of the cGAS/STING/type | interferon
signaling axis (Benmerzoug et al, 2018; Domizio et al, 2022; Sumida et al, 2022). Of note,
activation of cGAS/STING signaling has recently been demonstrated for dysfunctional
telomeres (Abdisalaam et al, 2020) and might link telomere dysfunction, as found in sporadic
and hereditary IPF, to development of pulmonary fibrosis. We have included these aspects
into our revised discussion.

6. p. 9 title: This paragraph describes the presentation of a model antigen to reporter T cells,
not the activation of autoreactive T cells.

R6: We thank the reviewer for this comment. In case of the UTY CD8" T cell assay, we indeed
assay the response of a reporter T cell clone to an endogenous antigen, i.e., the UTY54.554
antigen. The response can thus be described as an autoreactive T cell response. This is not
true for our second CD8" T cell assay that utilized a T cell reporter clone specific for an
influenza A virus M1 antigen. We have thus corrected our wording for this assay as
suggested.

7. Fig 5 cand d are exchanged

R7: We have corrected the figure.

Referee #3:

Wang et al. investigate the effects of a defect in the mitochondrial DNA-polymerase gamma
and arrive at a model where this defect, through generating 'mitochondrial stress', causes
the cytosolic presence of mtDNA and the stimulation of cGAS with an associated IFN |-
signature. Enhanced expression and function of the immunoproteasome are further found,
and enhanced numbers of CD8 T cells, as well as signs of T cell exhaustion, are described in
vivo. These are interesting results, and the authors present an intriguing model. There are
however a number of points that in my view still require attention:

8. The conclusion that it is mtDNA that drives the cGAS-response and the downstream
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effects is in my view insufficiently supported. Despite some issues with data presentation
(below) and individual findings, it is convincing that cGAS is activated. However, the
evidence that this is the result of mtDNA-release seems inconclusive. Why mitochondrial
stress (whatever that means: please discuss why the accumulation of mutations causes
stress) should cause the release of mtDNA is at least not obvious. Some increase of cytosolic
mtDNA is measured, but it is impossible to tell how much that is because only a relative
measure is given (wt vs. mut cells). It is further easily conceivable that mut-cells have higher
levels of apoptosis and disintegrating mitochondria, and that this is what is measured (in
which case the cell would be dead and presumably not contribute to the response). |
appreciate the difficulties in establishing mtDNA-release, but as the data stand this is
inconclusive; transfecting mtDNA does not show that mtDNA is responsible. How would the
release work? Do mitochondria disintegrate? Release of mtDNA has only been convincingly
shown for late stage apoptosis. If changes to mitochondrial integrity are suggested to be the
connection between the mutation and the release of mtDNA, this has to be tested by high-
resolution microscopy (it can also be attempted to get rid of mtDNA). Cytosolic mtDNA has
to be quantified in absolute terms (copy numbers detectable per cell).

R8: We thank the reviewer for his/her important comments and fully agree that the viability
of the mutator cells is key for any experiments on mtDNA stress. In our previous study (Meul
et al, 2020), where we used the PolgA™"™ cells for the first time in our lab, we extensively
characterized these cells, For the reviewer’s convenience, we have summarized these data in
a figure for the reviewer (Figure 3 for the reviewer):
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Figure 3 for the reviewer: PoIgA'"”t/ ™ cells are fully viable and not overly stressed. A) Representative images of
the mitochondrial network in WT (n=3) and Mut (n=4) cells visualized by staining with anti-cytochrome c
antibody (upper panel). Scale bar: 25 mm. Lower panel shows representative electron microscopy images of
mitochondria in a single WT and Polg™"™" (Mut) cell line. Scale bar: 1 mm. (Figure 2A from Meul et al.). (B)
Mean fluorescence intensity of WT (n=3) and Mut (n=4) MEFs stained with TMRM for assessment of
mitochondrial membrane potential measured by flow cytometry analysis. (C) MitoSOX Red for detection of
mitochondrial superoxide generation, n=3(WT)-4(Mut)+SEM. (D). Western blot analysis of HSP70 and HSP90
expression in WT (n=3) and Mut (n=4) MEFs. Actin was used as a loading control. (E) Quantification of healthy
(Annexin V-/PI-), early apoptotic (Annexin V+/PI-), late apoptotic (Annexin V+/PI+), or necrotic (Annexin V-/Pl+)
cells after 24 h of 25 nM Bortezomib (Bz) or control treatment in WT (n=3) and Mut (n=4) MEFs. Bar graphs
show mean+SEM. Significance was determined using student’s t-test. *:p< 0.05.

PolgA™"™ cells form an intact mitochondrial network as shown by cytochrome C staining
with intact mitochondria as evident in electron micrographs (3A). We also confirmed the
presence of an intact mitochondrial potential using TMIRM staining (3B) and absence of
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stress signaling by analyzing MitoSox (3C) and monitoring hsp70 and hsp90 expression (3D).

mut/mut ~olls were more

In our previous study, we had also demonstrated that the PolgA
resistant towards treatment with the proteasome inhibitor Bortezomib, confirming full
viability of the PolgA™Y™" cells by FACS-based analysis of Annexin V (AV) and propidium
iodide (PI) staining (3E). From these data we can thus conclude that PolgA™"™ cells are fully
viable, not apoptotic and that their mitochondrial structure and network are not grossly

disrupted.

Regarding the reviewer’s question how the mtDNA release might work, we can only
speculate. It has been shown previously, that the accumulation of mutations in mitochondrial
genes result in the expression of mutant mitochondrially encoded proteins which fail to
assemble into the larger respiratory chain complexes | and Ill and IV (Edgar et al, 2009).
Accumulation of misfolded mitochondrial proteins has previously shown to result in the
activation of mitochondrial unfolded protein response as part of an adaptive stress response
(Miinch & Harper, 2016). As mitochondria remain intact in PolgA™Y™ cells, this rules out
release of mtDNA via the previously described BAK/BAX macropores (McArthur et al, 2018).
A very recent study demonstrated release of oxidized mtDNA via mitochondrial permeability
transition pores (mPTP) and VDAC channels and subsequent activation of the STING pathway
(Xian et al, 2022) while the cell remains intact. Mitochondrial DNA release has also been
demonstrated to take place via mPTP to activate cGAS/STING in ALS (Yu et al, 2020).
Moreover, mitochondrial DNA release and activation of cGAS/STING signaling has been
shown as a consequence of mitochondrial instability upon TFAM knockout or silencing but
the mechanism was not further resolved (Bryant et al, 2022; West et al, 2015). To confirm
our data obtained from the PolgA™"™* cells, we performed additional experiments and
partially silenced TFAM in wildtype and cGAS KO MEFs. We confirmed cGAS-dependent
induction of the immunoproteasome and included these new data as Figs. 3D, EV3D and
EV3E in the revised manuscript.

According to the reviewer’s suggestion, we also tried to deplete PolgA™"™" cells from their

mitochondrial DNA. This, however, severely affected growth of the cells and we were unable
to obtain viable, mtDNA-depleted Po/gA'"“t/ ™ cells as outlined in more detail in response R1
to reviewer 1. We confirmed, however, the presence of increased levels of mitochondrial DNA
in the cytosol using a combination of cytosolic fractionation and PCR-based absolute
amplification as suggested by the reviewer. These data are now included in the revised
manuscript as revised Figure 2B and unambiguously demonstrate elevated levels of mtDNA
in PolgA™"™ cells.

9. At the same time, the authors do not look past mtDNA. There is substantial evidence that
cGAS/STING can be activated by micronuclei or perhaps chromosomal
misalignments/chromatin bridges. It has to be tested whether such potential ligands (which
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do exist in non-malignant cells) are different between the cell lines. To my mind, this is a
critical point that requires more work.

R9: We are grateful to the reviewer for this important comment and have accordingly
performed additional experiments to analyze the potential presence of nuclear DNA. For that
we performed staining for dsDNA (anti-DNA antibody), co-stained for mitochondria using an
anti-hsp60 antibody and the nucleus (DAPI staining). We quantified the signal outside the
nucleus and mitochondria network and observed significantly more signal for PolgAm“t/ mut
cells compared to wildtype controls. These results confirm the presence of dsDNA in the
cytoplasm outside the mitochondrial network and the nucleus. We have included our data as
Supplementary Figure EV1C. While we cannot discriminate between mtDNA and nuclear DNA

mut/mut cells are well known for their

with this method, we would like to point out that PolgA
mitochondrial DNA defect and not for nuclear DNA stress, which would eventually activate
p53 and contribute to cell cycle arrest and DNA damage repair. We performed

mut/mut colls in our previous study

comprehensive RNA seq and proteomic analyses of the PolgA
(Meul et al, 2020) and did not obtain any evidence for nuclear DNA damage or stress
signaling. Accordingly, we assume that it is mainly mtDNA that is released from the
mitochondria in the PolgA™Y™ cells similar to what was shown by West et al in

heterozygous TFAM KO cells (Figure 1A in (West et al, 2015).

10. Although there is clear evidence of cGAS-activation and a role of this pathway, the
evidence for a contribution of IFN is not strong. Core components like pIRF3 are in fact
down-regulated (Fig. S1), the relative phosphorylation of STAT1 is probably less (Fig. 2), and
the secretion of IFN-3 is minute (from 1 to under 2.5 pg/ml). Again, the finding that mtDNA
and IFN upregulate the immunoproteasome (the phenotype of the mut-cells) is not
unequivocal evidence that the mutation upregulates the immunoproteasome through
mtDNA and IFN. The concentrations of IFN used in these experiments are also presumably
much higher than what is secreted (the authors give only IU for the stimulation and
weight/vol. for the secretion; the 100 IU/ml used is probably about 5-10,000 fold what the
cells secrete (1-2 pg/ml; please convert the IU). The role of IFN could be tested by KD of the
receptor. This is perhaps not necessary here but on the basis of the data presented the
interpretation of the role of IFN has to be toned down.

R10: We thank the reviewer for his/her comments regarding the concentration of IFN-f and
the role of the IFN- signaling pathway. Regarding the concentration of IFN-f in the
supernatants of PolgA™"™ cells, we calculated that the 15.81 pg/ml detected by ELISA
corresponds to 18.97 IU/ml recombinant mouse (rm) IFN-f according to the R&D Systems
cytokine conversion table (https://www.rndsystems.com/cn/resources/technical-
information/unit-conversion-table). The concentration of rmIFN-3 we used for treatment was
100 IU/ml, which is thus only 5-fold higher than the concentrations of IFN-/ detected in the
supernatants of PolgAm“t/ ™It cells. We believe that the amount of IFN-3 secreted by
PoIgAm”t/ ™ cells may thus be sufficient to induce activation of the immunoproteasome. To
further corroborate the involvement of the IFN-[3/STAT-1 signaling pathway in mtDNA and
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also genomic DNA-induced activation of the immunoproteasome, we used an antagonizing
antibody against Interferon Alpha And Beta Receptor Subunit 1 (IFNAR1) to block IFN-f3
signaling. The system was first validated by stimulating wildtype MEFS with IFN-£3 upon pre-
treatment with different doses of the antagonizing IFNAR-1 antibody. Preincubation with the
antibody effectively blocked IFN-f signaling as demonstrated by inhibition of
immunoproteasome induction (revised Figure EV3C). IFNAR-1 signaling was then blocked in
PolgA™"™t cells using the antagonizing IFNAR antibody and effectively inhibited
immunoproteasome induction (revised Figure 3C). Moreover, as outlined in response 3 to
reviewer 1 (R3), we also used primary skin fibroblasts derived from a newborn patient with a
homozygous STAT1 loss-of-function (LOF) mutation as well as cells from the heterozygous
parents. In the LOF cells, mtDNA and dsDNA transfection failed to induce
immunoproteasome expression. We included these data as an additional validation of the
type | interferon signaling pathway in human and patient-derived cells into our revised
manuscript as Figs. 6/, EV5E and 8C.

11: Related to the last point, the presentation of the stimulatory signature as an IFN-
signature seems biased. The text says there is increased phosphorylation of TBK1, and the
Western blot in the paper supports this. Quantification of three blots in Fig. S1 however
shows substantial variation and basically no difference (apparently up-regulation in only one
of three experiments). It is inappropriate to show one positive experiment in the main figure
while moving the two negative experiments without further mention to the supplement.

R11: We thank the reviewer for pointing out this variation in TBK1 signaling and apologize
for not clearly commenting on the variation. We agree that our statement on elevated TBK1
signaling is not correct and have exchanged the blots for more representative ones as well as
toned down our statement. However, we would like to point out that we used three different
wildtype and three distinct PolgA cell lines that had been generated as immortalized
MEFs from different mice. The different experiments and the high variation thus result from

mut/mut

the differential effects of accumulating mtDNA mutations in these three different
PoIgAm”t/ ™t cell lines and also from clonal variation of the wild type cell lines. While this
variation made it difficult for us to pick up significant differences in cGAS/STING signaling,
the use of different cell lines seemed more appropriate as it reflects true biological variation.

Moreover, we would like to stress that the PolgA™"™!

cells display chronic mitochondrial
DNA stress which might result in adaptation of signaling pathways. Indeed, acute stimulation
of the cGAS/STING pathway by mtDNA transfection reproducibly activated the pathway in a

time-dependent manner as shown in Figures 6G and EV5D.

12. The text states that LMP7/beta5-activity is found in mutant MEFs but | cannot see this in
the data (Fig. 1c). Please clarify.

R12: We thank the reviewer for this careful observation. The activity-based probe MVB127
was used for the detection of LMP7 and its corresponding beta5 standard subunit as it
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specifically binds to these two active sites. The distinct resolution of these two subunits in the
SDS gel and thus quantification of single active sites, however, is hampered as the mouse
LMP7 and beta5 proteins are of similar molecular weight and thus do not separate in our
gels. For that reason, we refer to these subunits as LMP7/beta5. The signal for this
combination of subunits is not altered in PolgA™"™ cells compared to wildtype as it
represents the combination of both, the standard and immunosubunits. We have explained

this limitation in the figure legend of the revised version of our manuscript.

13. It is certainly not without interest that IPF-patients have an IFN-signature but this does
not seem to show that the mtDNA-cGAS-pathway operates.

R13: We thank the reviewer for pointing that out and are fully aware of this limitation which
we discussed in our revised manuscript. As outlined in response R5 to reviewer 2, we believe
that this IFN signature might stem from different kinds of DNA or cellular stress signaling
such as telomere-related DNA stress (Grice et al, 2015; Lv et al, 2022), DNA stress
(Benmerzoug et al, 2018) or ER stress (Studencka-Turski et al, 2019). Moreover, very recent
data from long-COVID19 patients also support the concept of an untimely type | interferon
signaling in parenchymal cells upon unresolved virus infection which potentially drives
chronic immune activation and fibrosis (Sumida et al, 2022; Domizio et al, 2022). In our
revised manuscript, we extended our discussion with regard to a more general concept of
type I IFN in fibrosis and also included recent publications on SARS-CoV?2 infection.

14. | fear technical replicates are not up to the required standard. Fig. S2 and Fig. 4A give
results from one experiment, and this is not enough. At least some critical aspects have to
be confirmed in additional experiments.

R14: We thank the reviewer for this careful observation and would like to explain our
experiment in more detail: RNA sequencing was performed with one wildtype and one
PolgA™ Y™ cell line instead of using three different lines as for most of the other
experiments. The n of 5, however, is not a technical replicate of the same RNA but all
replicates represent independent experiments, i.e., culturing and harvesting of the cells as
well as separate RNA preparations and RNA sequencing of each sample. As such they
represent biological and not technical replicates. The reason for this type of analysis was that

mut/mut ol line in

we performed a parallel stimulation experiment of each wildtype and PolgA
5 independent experiments unrelated to this study. We apologize for not explaining this
experimental setup properly and have added more details on the replicates in the figure
legend of the revised manuscript. The activation of an MHC class | signature in PolgA™"™
cells was also confirmed by proteomic analysis (Figure 2A). The STAT1 signature was more

clearly detected on the RNA than on the protein level probably because of deeper coverage.

15. It is unfortunate that the FACS-blots in Fig. 4c and d use such apparently different
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settings, or experimental conditions. As the data stand, the effect of cGAS-KD seems rather
minor, but this is not really clear because of the different baseline.

R15: We agree with the reviewer that the two experiments are difficult to compare. In Figure
4c, we silenced cGAS by siRNA transfection and compared it to non-sense scrambled siRNA
transfection. The reason for this comparison is that the transfection procedure and
introduction of any RNA might trigger a type | interferon response resulting in cGAS
activation. Indeed, we observed minor upregulation of cGAS under conditions of non-sense
scambled siRNA transfection compared to untransfected controls (see Western blot for cGAS
in Figure EV3B) while immunoproteasome or STAT1 expression were not altered (Figure 3B).
Compared to the scrambled siRNA control, silencing of cGAS decreased H2kP surface

mut/mut

expression in PolgA cell lines by 50%. In Figure 4D, we used wildtype MEFs instead and
transfected them with mtDNA or DNase | pre-treated mtDNA. As a control, we used cells that
underwent the same transfection procedure but without adding DNA. We now corrected the
labeling of the Y-axis to “fold over Ctrl”“ to make the different settings more clear. The

mut/mut

baseline cannot be compared in these two experiments as we used PolgA cells in Figure

4C but wildtype MEFs in Figure 4D.

16. How stable is the phenotype of the MEFs (Fig. 1)? How old are they/after how many
passages were the cells analyzed?

mut/mut

R16: The MEFs were used before passage 15 and at different passage numbers. PolgA
cells are growing slower than wildtype MEFs (Meul et al, 2020) and this became more
evident at passage numbers higher than 15. It is important to note, that all cell lines are
immortalized. The phenotype of the cells regarding the activation of the immunoproteasome
is very stable and the experiments were easily reproduced by different scientists in my new
lab at the Research Center Borstel.

17. For some reason | have been unable to obtain access to the proteome data set. Please
check this. It is not clear from the wording whether the previously obtained data set (Meul
et al.) was used or new data were generated.

R17. We apologize for not stating clearly that the RNA seq and proteomics data were
generated in the course of our previous study (Meul et al, 2020). They are already published
and are all publicly available. The proteomics data set can be found under the following link:

http://proteomecentral.proteomexchange.org/cqi/GetDataset?ID=PXD019695

18. The legends of Fig. 5c and 5d are swapped.

R18: We thank the reviewer for pointing out this mistake and have corrected it accordingly.

19. Fig. 7b: are the results of mtDNA and mtDNA-DNAse statistically significantly different?
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R19. We tested the significance and obtained a p value of 0.0085 using One-way ANOVA
testing and added this information to the figure legend.

15
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1st Revision - Editorial Decision 26th Jan 2023

Dear Silke,
Thank you for submitting your revised manuscript to The EMBO Journal.

Your revision has now been seen by the original referees and their comments are provided below. As you can see from the
comments, the referees appreciate the introduced changes and support publication here.

Referee #3 has a few remaining comments. Regarding the point " there is simply not more pIRF3 in the blot in Fig. 1D. Please
remove this statement from the text" (I think the referee is referring to Fig. 2D). | have looked at the blot and | agree with the
referee that it is not obvious that there is a difference in pIRF3. Please look at this again.

When you submit the revised manuscript will you also take care of the following points:

- Emails to the following bounced: Isis Fernandez, Kai Guo, Laylan Bramasole, Melanie Koenigshoff, Qianjiang Hu, Valeria Viteri
- The funding info for National Natural Science Foundation of China (82201448) is missing in the online submission system.

- You can only have 5 keywords

- COlI needs to be renamed as "DISCLOSURE AND COMPETING INTERESTS STATEMENT"

- Please remove the Authors Contributions from the manuscript. The 'Author Contributions' section is replaced by the CRediT
contributor roles taxonomy to specify the contributions of each author in the journal submission system. Please use the free text
box in the 'author information' section of the manuscript submisssion system to provide more detailed descriptions (e.g., 'X
provided intracellular Ca++ measurements in fig Y')

- Please complete the 1st page of the the author checklist

- Datasets should be renamed to Table EV1-EV3, as they are labeled in the legends

- Supplementary Table S1 and 2 should be re-labeled as Tables EV4 & 5

- | would also like to ask you to provide source data for the main figures. please upload one file/folder (zipped) per figure labelled
Source Data figure 1 etc.

- Please upload a synopsis text => a summary statement plus 3-5 bullet points describing the key findings of the

- We also need a synopsis image => 550 wide by [200-400]

- Our publisher has also done their pre-publication check on your manuscript. When you log into the manuscript submission
system you will see the file "Data Edited Manuscript file". Please take a look at the word file and the comments regarding the
figure legends and respond to the issues.

- Each main and EV figure should be uploaded as one complete figure

- Please also fix the orders of the manuscript section

That should be all - if you have any questions just contact us.

Best Karin

Karin Dumstrei, PhD

Senior Editor
The EMBO Journal

Instructions for preparing your revised manuscript:

Use the link below to submit your revision:



https://emboj.msubmit.net/cgi-bin/main.plex

Referee #1:

The authors have comprehensively addressed all comments that | made.

Referee #2:

All my prior concerns were adequately addressed in the revised version of this manuscript and rebuttal.

Referee #3:

Mitochondrial stress and the activation of the cGAS/STING system are increasingly recognized as important events in
pathophysiology. This study goes way beyond current knowledge in providing evidence that this pathway can regulate the
immunoproteasome and may contribute to aberrant CD8-T cell activation and lung fibrosis. During revision, the authors have
removed ambiguities, and they provide additional data, making the study convincing, solidly substantiating their conclusions. |
have only a few minor points where the text has some inaccuracies that should be edited as follows:

| said this in the first round: there is simply not more pIRF3 in the blot in Fig. 1D. Please remove this statement from the text.
The text refers to silencing of cGAS or STING (Fig. 4C) but only cGAS is in the figure. Please correct in the text.

'Partially abrogated' (with reference to Fig. 5D) does not seem to make sense. 'Reduced' or similar would seem to describe the
effect.



2nd Authors' Response to Reviewers 17th Feb 2023

Response to reviewers EMB0J-2022-110597R1

We would like to thank the referees for their careful revision and have addressed all
remaining issues below.

Referee #3:

Mitochondrial stress and the activation of the cGAS/STING system are increasingly
recognized as important events in pathophysiology. This study goes way beyond current
knowledge in providing evidence that this pathway can regulate the immunoproteasome
and may contribute to aberrant CD8-T cell activation and lung fibrosis. During revision, the
authors have removed ambiguities, and they provide additional data, making the study
convincing, solidly substantiating their conclusions. | have only a few minor points where the
text has some inaccuracies that should be edited as follows:

1. I said this in the first round: there is simply not more pIRF3 in the blot in Fig. 1D. Please
remove this statement from the text.

R1: We apologize for having overlooked this statement upon revision and have accordingly
revised the statement. The paragraph now reads: “....While we were unable to detect
significant changes in the expression of cGAS and STING in the three distinct PolgA™"™" cell
lines compared to our three wildtype lines due to high clonal variation, levels were slightly
higher in PolgAm”t/ ™t cells. The same applied to the levels of phosphorylated - and thus
activated - NFxB p65. Expression levels of IxBa were slightly lower in PolgA™"™ cells (Figs.

2D and EVID)....”

2. The text refers to silencing of cGAS or STING (Fig. 4C) but only cGAS is in the figure. Please
correct in the text.
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